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COMPLEX PERMITTIVITY MEASUREMENTS DURING HIGH TEMPERATURE RECYCLING OF 

SPACE SHUTTLE ANTENNA WINDOW AND DLELECTRIC HEAT SHIELD MATERIALS 

By Harold L. B a s s e t t  and Steve H. Bomar, Jr. 
Engineering Experiment S t a t i o n  
Georgia I n s t i t u t e  o f  Technology 

S W R Y  

Thermal and e lectr ical  measurements have been performed on s i x  candida te  

space s h u t t l e  antenna window materials: Lockheed LI-1500, McDonnell Mul l i t e  

HCF, ho t  pressed  boron n i t r i d e ,  Philco-Ford AS-3DX, General Electr ic  Markite 

3DQ, and s l i p - c a s t  fused s i l i ca .  The material samples were cycled t e n  times 

through a simulated r e e n t r y  s u r f a c e  temperature p r o f i l e .  

During temperature  cyc l ing ,  s u r f a c e  and i n t e r n a l  temperatures were 

measured and the  complex microwave t ransmiss ion  c o e f f i c i e n t  w a s  ob ta ined  

us ing  a f ree-space  phase s h i f t  b r idge  technique. 

t h e  d i e l e c t r i c  cons t an t  and loss  tangent  of each m a t e r i a l  as func t ions  of  

temperature were  c a l c u l a t e d  t o  determine whether t hese  p r o p e r t i e s  d e t e r i o -  

r a t e d  wi th  repea ted  temperature  cyc l ing .  

Using these  measured d a t a ,  



INTRODUCTION 

Scope o f  t h e  Program 

The scope o f  t h i s  r e s e a r c h  program was t o  perform measurements t o  

determine the  va lues  of  d i e l e c t r i c  cons t an t  and loss  tangent  of  s e v e r a l  

candida te  Space S h u t t l e  antenna window and h e a t  s h i e l d  materials as d e t a i l e d  

func t ions  o f  temperature  dur ing  exposure t o  h igh  temperature r ecyc l ing  tests. 

Modif ica t ions  t o  t h e  h igh  temperature complex p e r m i t t i v i t y  measurement 

system developed by the  Engineering Experiment S t a t i o n  of  t h e  Georgia 

I n s t i t u t e  of  Technology under two A i r  Force Cont rac ts  ( R e f .  1,2) were made 

so t h a t  t he  complex p e r m i t t i v i t y  of candida te  h e a t  s h i e l d  and antenna window 

materials could be measured dur ing  exposure t o  Space S h u t t l e  r e e n t r y  su r face  

temperature  p r o f i l e  r ecyc l ing  tests. 

Statement of  t h e  Problem 

The change i n  e l e c t r i c a l  p r o p e r t i e s  of e lec t romagnet ic  window materials 

as a func t ion  of temperature  r ecyc l ing  is  no t  known. Since the  b a s i c  s t r u c -  

t u r e  o f  t he  NASA Space S h u t t l e  w i l l  be used on t e n  o r  more f l i g h t s ,  i t  was 

be l ieved  necessary  t o  determine the  change i n  e l e c t r i c a l  p r o p e r t i e s  of  

candida te  e lec t romagnet ic  window m a t e r i a l s  a s  a func t ion  of r e e n t r y  f l i g h t  

time and as a func t ion  of  temperature r ecyc l ing .  

was sub jec t ed  t o  a temperature  versus  time p r o f i l e  designed t o  s imula t e  

the  a n t i c i p a t e d  r e e n t r y  f l i g h t  p r o f i l e .  

s i d e  by gas to rches  and the  ra te  of  hea t ing  was c o n t r o l l e d  dur ing  t h e  

measurement runs t o  o b t a i n  the r equ i r ed  s u r f a c e  temperatures  on the  samples .  

Each sample w a s  sub jec t ed  t o  t e n  temperature cyc les .  

material type were run. 

t o  measure t h e  change i n  t ransmiss ion  p r o p e r t i e s  o f  t he  materials as a func- 

t i o n  o f  t i m e .  Dielectric cons tan t  and loss  tangent  d a t a  were obta ined  from 

the  t ransmiss ion  and temperature da t a .  

Each candida te  material 

The materials were hea ted  on one 

Two samples of each 

A f ree-space  microwave phase s h i f t  b r idge  was used 

Background 

There has  been cons iderable  r e sea rch  i n  t h e  de te rmina t ion  of  t he  e l e c -  

t r ical  p r o p e r t i e s  of  materials as func t ions  of  temperature.  Of p a r t i c u l a r  

2 



i n t e r e s t  are t h e  works o f  Westphal (Ref. 3 , 4 ) ,  Bowie (Ref. 5 ) ,  and G i l r e a t h  

(Ref. 6 ) .  These r e s e a r c h e r s  have used the  s h o r t  c i r c u i t e d  waveguide tech-  

nique (Ref. 7,8) t o  determine t h e  complex p e r m i t t i v i t y  o f  materials as a 

func t ion  o f  temperature.  I n  t h e  s h o r t  c i r c u i t e d  waveguide technique t h e  

m a t e r i a l  of i n t e r e s t  i s  i n s e r t e d  i n t o  a metal l ic  sample ho lde r  which i s  

enclosed w i t h i n  a furnace .  Microwave t ransmiss ion  measurements are then 

made t o  determine t h e  complex p e r m i t t i v i t y .  Exce l l en t  r e s u l t s  are ob ta ined  

from t h i s  technique  t o  temperatures approaching 1923' K (3000' F) .  

material  sample i s  hea ted  i n  a near uniform manner so  t h a t  t h e  whole sample 

is t e s t e d  a t  the  p a r t i c u l a r  temperature of i n t e r e s t .  

The 

For t h e  r e c y c l i n g  measurements i t  w a s  f e l t  necessary  t o  s u b j e c t  t h e  

samples t o  t h e  a n t i c i p a t e d  f l i g h t  thermal environment. This n e c e s s a r i l y  

meant t h a t  one s u r f a c e  o f  t h e  samples would be exposed t o  the  h e a t  source .  

Then, t o  o b t a i n  u s e f u l  d a t a ,  a f ree-space  microwave measurement system w a s  

employed i n  ob ta in ing  t h e  microwave t ransmiss ion  p r o p e r t i e s  o f  t h e  m a t e r i a l  

sample as a func t ion  o f  run  t i m e .  

3 



MEASUREMENT SYSTEM 

The focused beam system a l lows  f ree-space  phase and a t t e n u a t i o n  measure- 

ments t o  be made on e lec t romagnet ic  window m a t e r i a l s  a t  X-band f r equenc ie s  

t o  very  h igh  temperatures.  

a t u r e s  above 2480' K (4000' F).  

p e r a t u r e  was about  1538' K (2300O F).  

p e r a t u r e  f u n c t i o n  is determined from t h e  t r ansmiss ion  p r o p e r t i e s  o f  the 

material. 

a t  bo th  X-band and Ku-band f r equenc ie s  (Ref 1,2). 

I n  fact ,  measurements have been made t o  temper- 

For t h i s  p a r t i c u l a r  program t h e  peak t e m -  

The complex p e r m i t t i v i t y  ve r sus  t e m -  

P a s t  r e s e a r c h  programs a t  Georgia Tech have u t i l i z e d  t h i s  system 

Desc r ip t ion  o f  Free-Space Microwave Sysgem 

The complete microwave system is diagrammed i n  F igure  1. The b a s i c  

system employs t h e  f r e e  space phase - sh i f t  b r idge  and t ransmiss ion  technique 

desc r ibed  by Redheffer (Ref. 9) t o  determine t h e  complex p e r m i t t i v i t i e s  of 

m a t e r i a l s .  The focused beam system forms t h e  sample arm o f  t h e  microwave 

b r idge .  The o t h e r  arm of  t h e  b r idge  i s  t h e  r e f e r e n c e  pa th  f o r  t h e  microwave, 

s i g n a l .  The material specimen i s  p laced  i n  t h e  f o c a l  r eg ion  o f  t h e  p r o l a t e  

s p h e r o i d a l f o c u s i n g r e f l e c t o r  normal t o  t h e  beam a x i s  i n  t h e  sample arm, and 

t h e  r e s u l t i n g  change i n  e l e c t r i c a l  path l eng th  i s  measured by an  audio  phase 

d e t e c t o r  network. Simultaneously,  t h e  a t t e n u a t i o n  due t o  t h e  sample i s  

measured. 

E l e c t r i c a l  measurements can be performed e i t h e r  i n  a s ta t ic  o r  a dynamic 

thermal environment s i n c e  t h e  phase and amplitude d a t a  are measured and 

recorded on a continuous b a s i s  wi thout  having t o  a d j u s t  a mechanical phase 

s h i f t e r .  

The complex p e r m i t t i v i t y  i s  computed from these  t ransmiss ion  d a t a .  

The technique used t o  o b t a i n  the  phase and amplitude d a t a  i s  a s  fo l lows:  

i s  used both  as t h e  frequency of  
f O  

A phase-locked CW c a r r i e r  frequency, 

t ransmiss ion  f o r  t h e  focused beam and f o r  t h e  gene ra t ion  o f  a r e f e r e n c e  

s i g n a l ,  f + 1000 Hz. As dep ic t ed  i n  F igure  1, t h e  r e fe rence  s i g n a l  i s  

mixed wi th  t h e  carrier s i g n a l  a t  t h r e e  single-ended c r y s t a l  mixers t o  o b t a i n  

i n c i d e n t ,  r e f l e c t e d  and t r a n s m i t t e d  s i g n a l  measurements. The 1000 Hz mixer 

ou tpu t s  a r e  ampl i f i ed  and recorded f o r  amplitude d a t a .  Simultaneously,  t he  

phase c h a r a c t e r i s t i c s  @1 and g2, of  t h e  t r a n s m i t t e d  and i n c i d e n t  s i g n a l s  

0 

4 

d 



5 



r e s p e c t i v e l y  a r e  measured by two phase d e t e c t o r s .  

s i g n a l  t o  t h e  phase meters i s  t h e  same s i g n a l  t h a t  i s  used t o  modulate the  

s ing le-s iaeband gene ra to r  network. 

recorded on a mul t ichannel  r eco rde r .  

The 1000 Hz inpu t  r e fe rence  

These phase and amplitude d a t a  are 

The s ingle-s ideband gene ra to r  u t i l i z e s  a 3-dB s idewa l l  hybrid coupler  

terminated wi th  PIN diodes  modulated by a 1000 Hz square-wave s i g n a l  t o  

gene ra t e  the  f + 1000 Hz r e fe rence  s i g n a l .  The s l i d e  screw t u n e r s ,  as 

shown i n  F igure  1, a r e  ad jus t ed  t o  o b t a i n  the  proper  amplitude and phase 

r e l a t i o n s h i p s  of t h e  s i g n a l  i n  the two hybr id  arms. 

0 

The microwave system, as desc r ibed ,  can be used t o  measure the  t r a n s -  

mission p r o p e r t i e s  of  a m a t e r i a l  a t  (1) ambient temperature ,  ( 2 )  uniform 

e l eva ted  temperature ,  and (3 )  i n  a t r a n s i e n t  s ta te  ( temperature  g r a d i e n t ) .  

The l a t t e r  measurements a r e  made as a func t ion  of  t i m e  and c o r r e l a t e d  wi th  

temperature  da t a  t o  c a l c u l a t e  t he  complex p e r m i t t i v i t y  of  t h e  m a t e r i a l  as  a 

func t ion  of temperature.  The measurements a r e  made a t  a frequency of  9.313 

GHz . 
The focused beam i s  formed by a 117 cm (46-inch) diameter  p r o l a t e  

sphe ro ida l  r e f l e c t o r  which i s  i l l umina ted  by a feed horn placed a t  the  inner  

f o c a l  po in t  of  t h e  r e f l e c t o r .  The m a t e r i a l  sample i s  pos i t i oned  a t  t he  ou te r  

foca l  po in t  of  t he  r e f l e c t o r  which is  loca ted  109 cm (43 inches)  from the  

r e f l e c t o r  apex. The inc iden t  beam is  focused t o  a 3.18 cm (1.25-inch) 

diameter  c i r c l e  ( 3  dB p o i n t s )  a t  the  o u t e r  f o c a l  po in t .  An i d e n t i c a l  

r e f l e c t o r ,  whose o u t e r  f o c a l  po in t  i s  co inc ident  wi th  t h a t  o f  the t r a n s -  

m i t t i n g  r e f l e c t o r ,  a c t s  as the r ece iv ing  a p e r t u r e  i n  the  f ree-space  br idge .  

The sample i s  mounted on a 51 cm (20.5 inch)  diameter  c a r r i e r  d i s k  which is  

enclosed i n  a furnace t h a t  has open windows on each s i d e  through which t h e  

microwave beam passes .  The disk-shaped sample c a r r i e r  i s  mounted s o  t h a t  

i t  i s  revolved about i t s  c e n t e r ,  and the  microwave beam is  inc iden t  on a 

c i r c u l a r  area whose c e n t e r  i s  d i sp laced  from t h e  d i s k  cen te r  by 1 7 . 1  cm 

(6-3/4 inches ) .  

Descr ip t ion  o f  Sample Rota t ing  
and Heating Apparatus 

Samples were mounted i n  a 51  c m  (20.5 inch)  diameter c a r r i e r  d i s c  

which r o t a t e d  i n s i d e  a furnace enc losure .  The r o t a t i n g  c a r r i e r  and mounted 
samples were hea ted  by n a t u r a l  g a s - a i r  flames us ing  techniques very s i m i l a r  

6 
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t o  those  developed on two A i r  Force programs which preceded t h i s  c o n t r a c t  

(Ref. 1 and 2 ) .  

techniques involved h e a t i n g  t h e  samples f o r  long pe r iods  of t i m e  through a 

predetermined temperature ve r sus  t i m e  p r o f i l e .  Formerly, emphasis had been 

placed on achiev ing  t h e  h i g h e s t  poss ib l e  temperatures without r ega rd  t o  t h e  

t i m e  t he  run  was i n  p rogres s .  

The only  s u b s t a n t i a l  mod i f i ca t ions  o f  e a r l i e r  experimental  

Design and Cons t ruc t ion  o f  Apparatus. The microwave waveguides and 

r e f l e c t o r s  were i n  a f i x e d  p o s i t i o n  and could no t  e a s i l y  be moved. 

t h e  sample r o t a t i n g  and hea t ing  device  was designed t o  r o l l  on t r a c k s ;  

movement i n  two d i r e c t i o n s  was provided. F i r s t  t h e  e n t i r e  furnace  could 

be t r a n s l a t e d  pa ra l l e l  t o  t h e  microwave beam t o  a l low measurement o f  t h e  

average va lue  o f  t ransmiss ion  c o e f f i c i e n t .  During measurement runs ,  t h e  

furnace was kep t  i n  continuous motion i n  t h i s  d i r e c t i o n  through a d i s t a n c e  

o f  + 1  cent imeter  from t h e  c e n t e r  p o s i t i o n .  The second d i r e c t i o n  o f  motion 

was perpendicular  t o  t h e  microwave beam, f o r  i n s t a l l a t i o n  of samples, c a l i -  

b r a t i o n  and s e r v i c i n g  of t he  equipment. 

Thus, 

F igures  2 and 3 show two views of t he  sample hea t ing  furnace  and o t h e r  

p a r t s  of t h e  system. The b a s i c  frame was cons t ruc t ed  i n  a conf igu ra t ion  

somewhat l i k e  a sawhorse on wheels. The mandrel on which t h e  samples turned  

was loca ted  a t  t he  end of a h o r i z o n t a l  arm which was p ivoted  a t  t he  top  of 

t h e  sawhorse frame t o  a l low v e r t i c a l  adjustment o f  t h e  sample p o s i t i o n .  

f r o n t  h a l f  of t h e  furnace  box p ivoted  upward as shown i n  F igure  3 t o  permit 

sample i n s t a l l a t i o n  and o t h e r  s e r v i c i n g  o p e r a t i o n s .  An e l e c t r i c  motor, 

mounted near  t he  bottom o f  t h e  frame, drove the  r o t a t i n g  mandrel through a 

speed-reducing gear  box and cha in  d r i v e .  

samples i s  i n s t a l l e d  i n  the  furnace  and can be seen  i n  the  f i g u r e s .  

The 

A c a r r i e r  d i s c  wi th  s e v e r a l  mounted 

On t h e  r a i s e d  s e c t i o n  o f  t h e  fu rnace ,  the  cone which d e f i n e s  t h e  micro- 

wave beam and the  gas  t o r c h  plumbing are v i s i b l e .  Furnace walls were Lined 

wi th  2 . 5  cm (1 inch)  t h i c k  fused  s i l i c a  foam r e f r a c t o r y  b locks ,  and t h e  

cone was cast from fused  s i l i c a  and l i n e d  on t h e  hea ted  s i d e  wi th  s i l i c a  

foam. The to rches  were made up a t  Georgia Tech us ing  commercially a v a i l a b l e  

c a s t  i r o n  burner  heads and r i g i d  copper tub ing .  

cooled; n a t u r a l  gas and air  were supp l i ed  from manifolds near  r h e i r  respec-  

t ive c o n t r o l  valves, and t h e  gas  and a i r  weremixed i n  the  l a r g e  tubes  

l ead ing  t o  t h e  burner heads. Supplementaryoxygen was i n j e c t e d  i n t o  t h e  

The burner heads were water 
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combustion a i r  a t  c e r t a i n  times du r ing  t h e  runs  t o  inc rease  combustion 

temperatures.  The s ix  gas  to rches  were l o c a t e d  a t  r a d i i  on t h e  carrier 

which were s e l e c t e d  t o  g i v e  uniform h e a t i n g  a c r o s s  t h e  f a c e s  o f  t h e  samples. 

The temperature w a s  c o n t r o l l e d  by manual adjustment of gas, a i r ,  and 

supplementary oxygen flow rates. 

o f  an au tomat ic  temperature c o n t r o l  system. The "cont ro l  temperature" was 

measured by a thermocouple l o c a t e d  on the hea ted  carrier su r face .  The ou t -  

put of t h i s  thermocouple was p l o t t e d  on an  x-y r e c o r d e r ;  p r i o r  t o  the  run  

a curve r e p r e s e n t i n g  t h e  d e s i r e d  f r o n t  s u r f a c e  temperature ve r sus  t i m e  was 

p l o t t e d  on t h e  r eco rde r  c h a r t ,  so t h a t  t he  furnace  o p e r a t o r  had a v i s i b l e  

record  o f  these temperatures t o  a i d  i n  c o n t r o l l i n g  t h e  furnace .  

Time and funds d i d  not  permit i n s t a l l a t i o n  

Samples were centered  on a c i r c l e  a t  a r a d i u s  of 1 7  cm (6.75 i n . )  from 

t h e  c e n t e r  o f  t h e  carrier d i s c .  The furnace  was pos i t i oned  so t h a t  t h e  

microwave'beam passed through the  cone, t he  samples, and the beam ho le  i n  

t h e  r e a r  furnace  w a l l , ,  When t h e  system was i n  o p e r a t i o n  no p a r t  of t h e  

furnace  in t ruded  i n t o  the  microwave beam. The beam occupies  roughly a 

cone shaped volume i n  t h e  r eg ion  near  t he  sample, so t h a t  t h e  flame c o n t r o l  

b a f f l e  must be cone shaped. 

It w a s  necessary  t o  e x e r c i s e  c a r e  t o  prevent  flame a t t e n u a t i o n  of t he  

microwave beam. In  t h i s  program, t h e  g a s ,  a i r ,  and oxygen flow rates t o  

t h e  to rches  w e r e  a d j u s t e d  throughout t he  runs .  The r a t i o  o f  f u e l  t o  ox i -  

d i z i n g  gases  was the  main f a c t o r  c o n t r o l l i n g  flame i n t e r f e r e n c e ;  too  much 

f u e l  gave v i s i b l e  flame i n  the  microwave beam a r e a  and s i g n i f i c a n t  a t t e n u a t i o n  

could be observed on t h e  microwave record ing  ins t ruments  when t h i s  cond i t ion  

e x i s t e d .  Thus, conscious e f f o r t s  were made t o  a s s u r e  t h a t  t he  to rches  

opera ted  wi th  an o x i d i z i n g  flame. A hood was i n s t a l l e d  above the  sample 

r o t a t i n g  and hea t ing  appara tus  f o r  removal o f  combustion gases  from t h e  

room, bu t  i n  c o n t r a s t  t o  e a r l i e r  programs t h i s  exhaus t  system played no p a r t  

i n  flame c o n t r o l .  

The c a r r i e r  d i s c  was supported on the  mandrel assembly shown i n  Figure 

4.  The l a r g e  bea r ing  b locks  contained channels f o r  cool ing  water, and water 

was cont inuous ly  c i r c u l a t e d  through the  mandrel assembly. The r o t a t i n g  

s h a f t  was provided wi th  18 s m a l l  condu i t s  through which thermocouple wires 

were passed from the  rear o f  t h e  carr ier  d i s c  t o  b r a s s  s l i p  r i n g s  o u t s i d e  the  

furnace.  The s l i p  r i n g s  r o t a t e d  i n  s m a l l  t roughs f i l l e d  wi th  mercury t o  

10  
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conduct thermocouple s i g n a l s  from t h e  mandrel t o  t h e  r eco rde r s .  

Two lock  n u t s  were used t o  r e t a i n  the  c a r r i e r  d i s c  i n  p l ace  on t h e  end 

of t h e  mandrel and t h e  n u t s  were covered by a b lock  o f  s i l i ca  foam t o  p r o t e c t  

t he  th reads  from damage by flame; a l s o  t h e  threaded  s t u d  was hollow t o  permi t  

water cool ing .  A microswitch and cam were i n s t a l l e d  on t h e  s h a f t  a d j a c e n t  

t o  t h e  s l i p  r i n g s  t o  provide a n  event  mark i n  each r evo lu t ion ;  t h e s e  event  

marks were placed on a l l  record ings .  

Techniques o f  Sur face  Temperature Measurement. O p t i c a l  measurement 

s u r f a c e  temperatures had been accomplished on an  ea r l i e r  program by t h e  u s e  

o f  f a s t - r e sponse  i n f r a r e d  pyrometers. The ins t ruments  were Barnes Engineer- 

ing  Company Model IT-4 pyrometers w i t h  s e v e r a l  custom modi f i ca t ions :  

(1) Narrow-band o p t i c a l  f i l t e r s  and unimmersed the rmis to r  bolometers 

( d e t e c t o r s ) ;  

F i e l d  of view subtending a 2 cm (0.75-in.) d iameter  spo t  a t  a 

range o f  1.8 m ( 6  f t . ) ;  

Output range from ambient temperature t o  2750' K (4500' F) without 

range swi tches ;  and 

E l e c t r i c a l  ou tpu t  0 t o  5 v o l t s  over t he  temperature range o f  t h e  

ins t rument  wi th  a t i m e  cons t an t  of 15 mi l l i s econds .  

(2) 

(3 )  

( 4 )  

The pyrometers were in tended  t o  have s u f f i c i e n t l y  f a s t  response t h a t  

the  temperatures o f  i n d i v i d u a l  samples could be measured while t he  samples 

were pass ing  by t h e  microwave window. Also,  they  opera ted  a t  s p e c t r a l  

wavelengths where s i l i c a - b a s e d  m a t e r i a l s  have h igh  e m i s s i v i t y ;  passbands of 

4.5 p, 5.1 p, and 7.9 p could be obta ined  wi th  t h e  a v a i l a b l e  f i l t e r s .  

The sens ing  head of one o f  t h e s e  pyrometers i s  v i s i b l e  i n  F igure  2,  

mounted on a s t a n d  i n  f r o n t  of t h e  r i g h t  microwave r e f l e c t o r .  The pyrometers 

were s e n s i t i v e  t o  h igh  ambient tempera tures ,  so  t h a t  a cool ing  s h i e l d  was 

provided and t h e  s h i e l d  was cooled by a i r  from a s m a l l  a i r - c o n d i t i o n i n g  u n i t .  

The f i e l d  o f  view was much l a r g e r  than  s p e c i f i e d ,  so t h a t  t h e  head r equ i r ed  

mounting a t  a s h o r t  s tand-of f  d i s t a n c e  i n  f r o n t  o f  t he  microwave r e f l e c t o r .  

I 

The pyrometer ou tput  vo l t age  i s  d i r e c t l y  p ropor t iona l  t o  t a r g e t  rad iance .  

For a narrow band of wavelengths, t a r g e t  r ad iance  i s  r e l a t e d  t o  temperature 

by P lanck ' s  l a w  (Ref. 10): 

I -5  
h N -  

b,A - '1 ,C2/hT - 

1 2  



where 

N = r a d i a n t  i n t e n s i t y  a t  h 

C1 

C2 

h = wavelength i n  p 

b,X 
2 

= f i r s t  cons tan t  of P lanck ' s  Law = 5.956 x 

= second cons tan t  of Planck 's  Law = 1.4387 x lo4 Wn O K  

w a t t  cm 

and T = black  body temperature i n  OK. 

For a band of wavelengths 

= f 2 N  dh 
Nb b ,h  

11 

where 

Nb = rad iance  = r a d i a n t  energy per  u n i t  o f  t i m e ,  

u n i t  of p ro jec t ed  a rea  and u n i t  of s o l i d  angle .  

This func t ion  i s  not  e a s i l y  i n t e g r a t e d  between l i m i t s  A 

t h e  bandpass i n t e r v a l  i s  very narrow i n  t h i s  case  so t h a t  w e  may u s e  the  

and h2. However, 1 

approximation : 

2 C ,  A h  

Barnes Engineering Company furn ished  a t a b l e  of rad iance  v s  temperature 

f o r  each f i l t e r  and a l s o  the  cu to f f  and peak va lues  of  wavelength f o r  each 

f i l t e r .  Thus s u f f i c i e n t  d a t a  were a v a i l a b l e  t o  permit c a l c u l a t i o n  of  

s u r f a c e  temperatures  from the  recorded pyrometer output  i f  a c a l i b r a t i o n  

could be e s t a b l i s h e d .  Since the  instrument  output  i s  a l i n e a r  func t ion  of 

t a r g e t  r ad iance ,  and rad iance  de f ines  the  black-b9dy temperature through 

Planck ' s  Law, t h e  c a l i b r a t i o n  s t e p  must relate output  vo l t age  t o  t a r g e t  

rad iance .  C a l i b r a t i o n  w a s  performed by measuring the  instrument  ou tpu t s  

when the  pyrometer w a s  pointed a t  a s l i p - c a s t  fused s i l i c a  p l a t e  whose 

temperature was known. 

c a l l y  heated furnace.  

t h e  temperature of the  t a r g e t  w a s  measured by a thermocouple embedded under 

The p l a t e  was placed behind the  door of  an e l e c t r i -  

The furnace temperature was allowed t o  e q u i l i b r a t e  and 
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i t s  su r face .  The pyrometer was pointed a t  the  furnace door and the  r eco rde r  

s t a r t e d .  The furnace door was opened quick ly  f o r  a few seconds t o  o b t a i n  a 

record ing  of  t he  pyrometer 's  response t o  the  h o t  t a r g e t .  The t a r g e t  t e m -  

pe ra tu re  began t o  drop immediately upon opening of t he  furnace door;  thus 

the  pyrometer ou tput  a t  t h e  i n s t a n t  of opening was used f o r  c a l i b r a t i o n .  

Ca l ib ra t ion  d a t a  were obta ined  a t  s e v e r a l  temperatures  over t he  range of  

i n t e r e s t  on t h i s  program, and a p l o t  of  ou tput  vo l t age  v s  t a r g e t  rad iance  

was a s t r a i g h t  l i n e  as expected. 

The o p t i c a l  pyrometer recordings were converted t o  f r o n t  su r f ace  

temperatures by a program w r i t t e n  f o r  an e l e c t r o n i c  c a l c u l a t o r .  The i n t e -  

g r a t e d  Planck equat ion  (equat ion 3)  can be rear ranged  t o  express the  t e m -  

pe ra tu re  as: 

The program was w r i t t e n  t o  input  t h e  m i l l i m e t e r s  o f  pen d e f l e c t i o n  read  

from the  record ing  paper ,  c a l c u l a t e  N from the  c a l i b r a t i o n  l i n e ,  c a l c u l a t e  b 
the temperature i n  O K ,  and p r i n t  the  temperature i n  OF. A sepa ra t e  program 

was prepared f o r  each pyrometer, incorpora t ing  the appropr i a t e  c a l i b r a t i o n  

and wavelength cons t an t s .  

The f r o n t  su r f ace  temperatures reached on t h i s  program were low enough 

t o  permi t  t he  use of f r o n t  su r f ace  thermocouples. Thus, p1atinum:platinum- 

13% rhodium couples were i n s t a l l e d  on the  f r o n t  su r f ace  of each thermal 

sample t o  check the  o p t i c a l  d a t a .  It i s  recognized t h a t  m e t a l l i c  thermo- 

couples do not  have the  same su r face  c h a r a c t e r i s t i c s  a s  t he  ceramic sample 

m a t e r i a l s ,  and t h a t  t h e i r  temperature responses might no t  t he re fo re  be 

exac t ly  r e p r e s e n t a t i v e  of t he  samples.  However, gene ra l ly  s a t i s f a c t o r y  

agreement between o p t i c a l  and thermocouple temperatures was obta ined .  

Thermocouples have the  advantage of b e t t e r  r e s o l u t i o n  a t  l o w  temperatures  

than o p t i c a l  pyrometers. 
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PREPARATION OF SAMPLES 

S i x  sample mater ia ls ,  cand ida te s  f o r  antenna windows i n  the  Space S h u t t l e  

thermal p r o t e c t i o n  system, were i n v e s t i g a t e d  on t h i s  program. 

samples f o r  each material  were processed through t h e  test  sequence. 

of  samples c o n s i s t e d  of  a nominal 15.2 cm (6- in . )  diameter  microwave sample 

and a nominal 3 .8  c m  (1.5- in . )  diameter  thermal sample; a l l  thermocouples 

w e r e  mounted i n  thermal samples because any metal i n  t h e  microwave samples 

would i n t e r f e r e  wi th  r ada r  measurements. 

Two sets of  

A set 

The p r e f e r r e d  sample th i ckness  f o r  t hese  measurements i s  a m u l t i p l e  o f  

one-half  wavelength a t  room temperature .  Adherence t o  t h i s  s t a r t i n g  th i ck -  

n e s s  reduces r e f l e c t i o n s  i n  the  microwave system. However, low d e n s i t y  ma- 

t e r i a l s  were run a t  the  th i ckness  as rece ived  because trimming would have 

reduced t h e  q u a n t i t y  of mater ia l  p e r  u n i t  area and thereby reduced the  p r e -  

c i s i o n  of  microwave phase s h i f t  and a t t e n u a t i o n  measurements. 

A l i s t  of t h e  sample mater ia ls  and t h e i r  manufacturers  i s  given i n  Table I. 

A l l  samples were suppl ied  t o  Georgia Tech by NASA-Langley except  s l i p - c a s t  

fused s i l i ca .  

Mounting of  Samples 

The microwave and thermal samples were mounted i n  fused s i l i c a  c a r r i e r  

d i s k s  as shown i n  Figure 5. The c a r r i e r s  were made by pouring a w e t  c a s t i n g  

mixture  of fused s i l i c a  g r a i n  and s l i p  i n t o  a gypsum p l a s t e r  mold; t he  mixture  

sets as water i s  drawn i n t o  the  p l a s t e r  mold. Holes f o r  t h e  mandrel and 

samples were formed by l o c a t i n g  dense f iberboard  p lugs  of appropr i a t e  s i z e s  

on the  mold be fo re  pouring i n  the  c a s t i n g  mixture .  Af te r  the  carr ier  had 

set  up, t he  ho le  p lugs  were removed and the  carrier w a s  d r i ed  f o r  s e v e r a l  

days,  then  f i r e d  a t  about 1475' K (2200' F) t o  develop s t r e n g t h .  
=% 

Chrome 1 - alume 1 embedded and backside thermocouples and platinum- rhodium 

f r o n t  s i d e  thermocouples were i n s t a l l e d  i n  the  thermal samples before  samples 

were mounted i n  the  carriers. Thermocouple l eads  were made long enough t o  

reach the  s l i p  r i n g s  a f t e r  t h e  c a r r i e r  w a s  mounted on t h e  mandrel. Two 

embedded thermocouples were pos i t i oned  along a diameter  of the  sample, i n  a 

1 . 2  nnn (0.030 i n . )  wide s a w  c u t  a t  t h e  des i r ed  depth.  Saw c u t s  were made 

from the  rear (unheated) s i d e  of  t he  sample, and success ive  c u t s  were p laced  

15  



TABLE I 

SAMPLE MATERLALS AND MANUFACTURERS 

Descr ip t ion  

Fused q u a r t z  r e in fo rced  
s i l i c a  composite 

S l i p - c a s t  fused s i l i c a  

F ibe r  bundle r e in fo rced  
s i l i c a  composite 

S i l i c a  f i b e r  r i g i d i z e d  
coa t ing  

Rig id ized  m u l l i t e  f i b e r  

Hot pressed  boron n i t r i d e  

Nomenclature 

AS-3DX 

SCFS 

Markite 3-DQ 

LI-1500 

Mul l i t e  HCF 

HD-0092 

Manufacturer 

Philco-Ford Corporation 

Georgia Tech 

General E l e c t r i c  Go. 

Lockheed Miss i l e s  and 
Space Co. 

Mc - Donne 11- Doug l a  s 
As t ronau t i c s  Co. 

Union Carbide Corporation 
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on d i f f e r e n t  d iameters  so t h a t  t h e  wires were p a r a l l e l  t o  t h e  p l ane  of t h e  

sample s u r f a c e  bu t  no t  paral le l  i n  o t h e r  p lanes .  

i n  t h e  c u t ,  t h e  c u t  was f i l l e d  wi th  a cement made of Ludox AS* ( c o l l o i d a l  

s i l i c a )  and powdered sample material. The s a w  c u t s  were c a r e f u l l y  f i l l e d  t o  

exclude a i r  bubbles ,  and t h e  depth of each thermocouple was recorded.  Af t e r  

exper imenta l  runs ,  t h e  thermal samples were sec t ioned  to  v e r i f y  thennocouple 

depths .  

The samples were i n s e r t e d  i n  t h e i r  r e s p e c t i v e  h o l e s  i n  t h e  c a r r i e r  d i s k  

and anchored by flowing s i l i ca  cement i n t o  t h e  space between the  sample and 

c a r r i e r .  The samples were pos i t i oned  wi th  t h e i r  hea ted  s u r f a c e s  f l u s h  wi th  

the  f r o n t  s u r f a c e  of t h e  c a r r i e r ,  as shown i n  Figure 5. A photograph of  t h e  

back of t h i s  same c a r r i e r  i s  shown i n  F igure  6 .  Thermocouple wires were covered 

with s i l i c a  cement a c r o s s  t h e  back of  t h e  c a r r i e r  t o  prevent  t h e i r  being damaged 

by flames dur ing  t h e  t e n  temperature  c y c l e s .  

Af t e r  t h e  w i r e  w a s  pos i t i oned  

Phys ica l  P r o p e r t i e s  of Sample Materials 

The phys ica l  d a t a  g iven  i n  Table  11 are f o r  t h e  purpose of documenting 

the s e v e r a l  sample materials. This  l i s t  i s  n o t  intended t o  show a l l  a v a i l a b l e  

phys i ca l  d a t a ,  bu t  r a t h e r  t o  provide data f o r  i d e n t i f y i n g  and c h a r a c t e r i z i n g  

the  samples. 

M u l l i t e  HCF and LI-1500 were run wi th  c o a t i n g s  on t h e  hea ted  su r face  of 

the  samples. These emi t tance  c o n t r o l  c o a t i n g s  were appl ied  by the manufac- 

t u r e r s  of t h e  two m a t e r i a l s ,  and t h e i r  compositions and p r o p e r t i e s  were no t  

known t o  Georgia Tech i n v e s t i g a t o r s .  I n  each c a s e ,  the  c o a t i n g s  were l e s s  

. than one m i l l i m e t e r  t h i c k .  

Carrier and Sample Assignments 

Four c a r r i e r s  were run t o  o b t a i n  the  r equ i r ed  measurements a f t e r  assembly 

and check o u t  of t h e  system had been completed. Dupl ica te  specimens of 

each material were c a r r i e d  t e n  t i m e s  through t h e  s imulated r e e n t r y  temperat.ure 

ve r sus  t i m e  p r o f i l e .  

cluded running both samples of one material on the  same c a r r i e r .  

run on each carrier are shown i n  Table 111. 

Samples were ass igned  t o  carriers i n  a manner t h a t  p re -  

The m a t e r i a l s  

6: 
Trade Mark of E. I. duPont de Nemours and Co. 
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TABLE S I  

PHYSICAL PROPERTIES OF SAMPLE MATERIALS 

Sl ip-Cast  Fused S i l i c a  (SCFS) 

S l ip :  
S l i p  Median P a r t i c l e  S ize :  6.9 pn 
F i r i n g  Condit ions:  
Bulk Densi ty:  1.902 gm/cm3 
S i l i c a  Content:  

Thermo-Materials Corporat ion,  ba t ch  041772-2, high p u r i t y  

1478' K (2200' F),  4 hours  

99.56 weight p e r  cen t  

Hot Pressed Boron N i t r i d e  (HD-0092) 

Boron con ten t :  43.0 t o  43.5 p e r  cen t  
Nitrogen con ten t :  55.6 t o  56.3 p e r  c e n t  
Oxygen con ten t :  
Carbon con ten t :  
Other m e t a l l i c  i m p u r i t i e s :  0.05 pe r  c e n t  
Bulk Density:  1.945 gm/cm3 

< 1.00 p e r  c e n t  
< 0 , 4  p e r  c e n t  

Fused Quartz Reinforced S i l i c a  Composite (AS-3DX) 
3 Bulk Density:  1.673 gm/cm 

F iber  Bundle Reinforced S i l i c a  Composite (Markite 3DQ) 
3 

61.47 weight p e r  c e n t  
Bulk Density:  1.913 gm/cm 
Quar tz  F ibe r s :  
S i l i c a :  38.53 weight p e r  c e n t  
Po ros i ty :  11.81 volume p e r  cen t  

S i l i c a  F ibe r  Rig id ized  Coating (LI-1500) 
3 Bulk Densi ty:  0.237 gm/cm (uncoated) 

Rigidized Mul l i t e  F ibe r  (Mul l i te  HCF) 
3 Bulk Density:  0.279 gm/cm (uncoated) 

Poros i ty :  86 volume p e r  c e n t  
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Carrier Number 

1 

3 

4 

TABLE I11 

CARRIER AND SAMPLE ASSIGNMENTS 

Samples 

SCFS, Markite 3DQ, Boron Nitride HD-0092 

AS-3DX, Mullite HCF, LI-1500 

Boron Nitride HD-0092, AS-3DX, Mullite HCF 

SCFS, Markite 3DQ, LI-1500 

2 1  



EXPERIMENTAL MEASUREMENT PROCEDURE 

The c a r r i e r  d i s k  con ta in ing  the  mounted samples i s  i n s t a l l e d  on the  

sample r o t a t i n g  and h e a t i n g  appara tus ,  and thermocouple connect ions t o  t h e  

recorders  a r e  completed. The microwave equipment i s  allowed t o  warm up f o r  

a t  least  one hour p r i o r  t o  c a l i b r a t i o n  of  t he  system. 

To begin  c a l i b r a t i o n ,  t he  k l y s t r o n  s i g n a l  frequency i s  ad jus t ed  t o  

9.313 GHz and i s  phased-locked by a synchronizer  which main ta ins  a frequency 

of  9.313 GHz f 0.0007 MHz. 

Wave Rat io  t o  less than  1.02 a t  t h e  output  and inpu t  of t h e  measurement arm, 

wi th  no furnace o r  o t h e r  o b s t r u c t i o n  i n  the  beam. 

e s t a b l i s h e d  t h a t  an  empty furnace loca ted  i n  t h e  measurement p o s i t i o n  has  no 

in f luence  on t h e  microwave beam.) 

E-H t une r s  are used t o  reduce t h e  Voltage Standing 

(It has p rev ious ly  been 

The free-space phase and amplitude c a l i b r a t i o n s  are then made. The 

inc iden t  and t r ansmi t t ed  s i g n a l  c a l i b r a t i o n s  are made by an adjustment of  t he  

p r e c i s i o n  v a r i a b l e  a t t e n u a t o r  which i s  shown i n  Figure 1. The phase c a l i b r a -  

t i o n s  of  t he  t r ansmi t t ed  s i g n a l  are made by a d j u s t i n g  the  phase s h i f t e r  shown 

i n  Figure 1. During t h i s  ope ra t ion ,  s i g n a l s  having known va lues  are placed 

on the  e l e c t r i c a l  record ing  c h a r t s  t o  assist i n  subsequent reading  of  t he  da ta .  

Af te r  t h e  free-space c a l i b r a t i o n  i s  completed, a s t a t i c  c a l i b r a t i o n  i s  

made on each sample material. The furnace i s  p laced  i n  the  measurement 

p o s i t i o n  and each microwave sample i n  t u r n  i s  r o t a t e d  i n t o  t h e  microwave beam. 

The v a r i a b l e  p r e c i s i o n  phase s h i f t e r  i s  ad jus t ed  t o  determine the  room-temperature 

i n s e r t i o n  phase f o r  each sample. The t ransmiss ion  amplitude i s  determined by 

moving t h e  sample a x i a l l y  i n  the  beam through a d i s t a n c e  o f  p l u s  o r  minus one- 

q u a r t e r  wavelength and f ind ing  the  average t ransmission s i g n a l  va lue .  

The na tu ra l -gas  hea t ing  torches  are l i g h t e d  t o  begin the  temperature 

cyc le .  The ou tpu t  of t he  c o n t r o l  thermocouple i s  p l o t t e d  on a record ing  c h a r t ,  

on which the  d e s i r e d  temperature ve r sus  t i m e  p r o f i l e  has  prev ious ly  been drawn. 

Gas, a i r  and oxygen flow rates a r e  manually ad jus t ed  t o  fo l low as c l o s e l y  as 

poss ib l e  the  s p e c i f i e d  temperature p r o f i l e  curve.  

The fol lowing d a t a  are recorded ve r sus  t i m e :  o p t i c a l  temperatures ,  thermo- 

couple temperatures ,  change i n  sample i n s e r t i o n  phase,  r e f l e c t i o n  c o e f f i c i e n t  

phase,  sample i n s e r t i o n  l o s s ,  i n c i d e n t  power, and r e f l e c t e d  power. During the  

run the  sample i s  cont inuously moved a x i a l l y  i n  the  microwave beam (& quar t e r -  

22 



wavelength l o n g i t u d i n a l  displacement)  so t h a t  t h e  average i n s e r t i o n  lo s s  can 

be determined. 

and t h e  thermal d a t a  are recorded on s e p a r a t e  r eco rde r s .  An event  mark s i g n a l  

i s  p laced  on a l l  record ings  once i n  each c a r r i e r  r e v o l u t i o n  so t h a t  the  

response of  each sample can be i d e n t i f i e d .  A p l o t  of the  t a r g e t  temperature  

ve r sus  t i m e  p r o f i l e  i s  shown i n  Figure 7. 

The e l e c t r i c a l  d a t a  a r e  recorded on a s ix-channel  v i s i c o r d e r ,  
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DATA REDUCTION 

The e l e c t r i c a l  and the  thermal a n a l y s i s  programs are w r i t t e n  i n  American 

Standard For t r an  f o r  o p e r a t i o n  on a UNIVAC 1108 d i g i t a l  computer. This  sec- 

t i o n  se rves  t o  desc r ibe  the  t h e o r i e s  and assumptions involved i n  t h e  two 

computer programs. 

I n  o r d e r  t o  make t h e  r equ i r ed  de te rmina t ions  of  d i e l e c t r i c  cons t an t  and 

lo s s  tangents  as func t ions  o f  temperature ,  t he  e lectr ical  a n a l y s i s  program 

r e q u i r e s  temperature p r o f i l e s  and sample th i ckness  as a func t ion  of  t i m e  f o r  

each material .  The temperature  p r o f i l e s  and sample th i cknesses  are obta ined  

from a thermal a n a l y s i s  program. The temperature p r o f i l e s  and sample th i ck -  

n e s s e s  a long wi th  exper imenta l ly  measured va lues  o f  t h e  power t ransmiss ion  

c o e f f i c i e n t  and i n s e r t i o n  phase de lay  are used i n  t h e  e l e c t r i c a l  a n a l y s i s  

computer program t o  a i d  i n  the  de te rmina t ion  of  t h e  piecewise approximations 

t o  the  r e l a t i v e  d i e l e c t r i c  cons t an t  and lo s s  tangent  ve r sus  temperature  curve 

f o r  each d i e l e c t r i c  mater ia l  under cons ide ra t ion .  This  e l e c t r i c a l  a n a l y s i s  

program i s  e s s e n t i a l l y  the  same as the  one developed on two ear l ier  A i r  Force 

programs (Ref. 1 , 2 ) .  Thermodynamic and t r a n s p o r t  phys i ca l  p rope r ty  d a t a  

wi th  corresponding a n a l y t i c a l  equat ions ,  f o r  a l l  t he  sample materials are 

presented  i n  t h i s  s ec t ion .  A l i s t i n g  of the  thermal a n a l y s i s  program i s  

given i n  t h e  Appendix; t h e  e l e c t r i c a l  programs have been publ i shed  i n  Reference 

2. 

Process ing  of Thermal Data 

The thermal a n a l y s i s  program is  requ i r ed  t o  genera te  temperature ve r sus  

d i s t a n c e  p r o f i l e s  through the  sample materials a t  v a r i o u s  times dur ing  the  

experimental  run. While the  run i s  i n  p rogres s ,  f r o n t  su r f ace ,  rear su r face ,  

and i n t e r n a l  temperatures  are recorded. The two su r face  temperatures  and 

thermal t r a n s p o r t  p r o p e r t i e s  of t he  materials are used i n  the  thermal a n a l y s i s  

computer program t o  c a l c u l a t e  the  r equ i r ed  temperature p r o f i l e s ;  i n t e r n a l  

measured temperatures  are used t o  v e r i f y  t h a t  t h e  c o r r e c t  t r a n s p o r t  p r o p e r t i e s  

have been employed and t h a t  the  program i s  func t ioning  proper ly .  

Theory. I n  the  measurements performed on t h i s  c o n t r a c t ,  t he  sample 

materials never  

Since they were 

exceeded temperatures  

considered candida tes  

on the  o r d e r  of  1530' K (2300' F).  

f o r  the Space S h u t t l e  thermal p r o t e c t i o n  
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system, it was reasonable  t o  expect  t h a t  no permanent d e n s i f i c a t i o n  o r  sub- 

s t a n t i a l  thermal expansion would occur.  Thus, t he  thermal computer program 

w a s  developed wi th  t h e  fol lowing assumptions: 

(1) Heat flow w a s  one-dimensional i n  the  a x i a l  d i r e c t i o n ,  and 

(2)  Densi ty  w a s  cons t an t  and h e a t  capac i ty  and thermal conduc- 

t i v i t y  were func t ions  of  temperature.  

An energy balance over  a t h i n  s l a b  of  material whose f l a t  f aces  are perpen- 

d i c u l a r  t o  t h e  d i r e c t i o n  o f  h e a t  flow g ives :  

where 

p = dens i ty  of  t h e  material 

c = hea t  capac i ty  
P 

k = thermal conduc t iv i ty  

ATn = temperature  i n  t h e  s l a b ,  which we c a l l  t he  n t h  l a y e r  

AT = increment of  t i m e  over  which t h e  h e a t  balance i s  taken 

A = area of  t h e  slab perpendicular  t o  t h e  d i r e c t i o n  of h e a t  flow 

V = volume o f  t h e  s l a b  

Ax = t h i ckness  of t he  s l a b ,  and 

n = a d i s t a n c e  index i d e n t i f y i n g  success ive  s l a b s .  

Simplifying and no t ing  t h a t  V = Abx, one ob ta ins  

I n  t h i s  equat ion ,  ATn r e p r e s e n t s  t he  change i n  temperature of  t h e  n t h  s l a b ,  

dur ing  t h e  t i m e  i n t e r v a l  AT. Note t h a t  AT is  uniquely expressed i n  terms o f  

the  thermal t r a n s p o r t  p r o p e r t i e s  ( p ,  c and k ) ,  a t i m e  i n t e r v a l  ( A T ) ,  t he  s l a b  
P 

th ickness  (Ax) and t h r e e  temperatures  e x i s t i n g  a t  t h e  beginning of t he  t i m e  

i n t e r v a l .  

n 
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Various equa t ions  of t h i s  type could be w r i t t e n  t o  desc r ibe  t h e  temper- 

a t u r e  i n  a s l a b ,  bu t  t he  one shown was s e l e c t e d  because i t  can be convenient ly  

eva lua ted  us ing  a d i g i t a l  coxputer .  The sample i s  d iv ided  i n t o  a number of 

imaginary s l a b s ,  u s u a l l y  20. The t r a n s p o r t  p r o p e r t i e s  of  each s l a b  are 

c a l c u l a t e d  based on i t s  temperature.  Then the  temperature of  each s l a b  i s  

c a l c u l a t e d  a t  the  new va lue  of t i m e .  

c a l c u l a t i n g  a new temperature  ve r sus  d i s t ance  p r o f i l e  a f t e r  each t i m e  s t ep .  

The f r o n t  and rear su r face  temperatures  are s p e c i f i e d  by inpu t  da t a .  

The program cont inues  t o  make t i m e  s t e p s ,  

O'Brien,  Hyman and Kaplan (Ref. 11) d i s c u s s  the  s t a b i l i t y  and convergence 

of  numerical  s o l u t i o n s  of p a r t i a l  d i f f e r e n t i a l  equat ions ,  and one of  t h e i r  

examples i s  t h e  one-dimensional h e a t  conduct ion equat ion  wi th  a d i f f u s i v i t y  

(k lpc  ) o f  un i ty .  

achieve convergence (approach t o  the  t r u e  s o l u t i o n ) ,  and a l s o  observed c e r t a i n  

requirements f o r  main ta in ing  s t a b i l i t y  (damping of e r r o r s  r a t h e r  than  growth 

of e r r o r s ) .  

o f  t i m e  increments  and s l a b  th icknesses .  

They concluded t h a t  10 t o  20 l a y e r s  are s u f f i c i e n t  t o  
P 

The s t a b i l i t y  requirements impose l i m i t s  on t h e  re la t ive s i z e s  

Thermal Transport  P r o p e r t i e s  of Samples. A s  s t a t e d  ea r l i e r ,  d e n s i t y  

was assumed cons t an t  f o r  a l l  samples i n  t h i s  s tudy;  t he  f a c t  t h a t  t he  

temperature cyc le  w a s  chosen t o  permi t  m u l t i p l e  cyc l ing  of t h e  materials 

implied t h a t  no permanent change i n  d e n s i t y  would occur .  

t he  thermal a n a l y s i s  program are given i n  Table I V .  

Dens i t i e s  used i n  

Mat e r i a 1 

SCFS 

AS - 3DX 

Marki te  3DQ 

HD-0092 

Mul l i t e  HCF 

LI-1500 

t 

TABLE I V  

3 Densi ty  (gm/cm ) 

1.902 

1.673 

1.913 

1.976 

0.279 

0.237 

DENSITIES OF SAMPLE MATERIALS 
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The h e a t  capac i ty  of  s o l i d s  i s  a func t ion  of  temperature and p res su re  

only,  provided the  material  does not  experience a phase o r  s t r u c t u r a l  change. 

Since a l l  measurements on t h i s  program were made a t  a p re s su re  o f  one atmosphere, 

the  h e a t  c a p a c i t i e s  were func t ions  o f  temperature only.  

represented  by an equat ion  of  t he  form 

This  dependence w a s  

a 

0,245 

0.245 

0.245 

0,339 

0.250 

0.300 

2 c = a + bT + c / T  
P 

b C 

5 

5 

5 

5 

0.142 x -0.250 x 10 

0.142 x l om4  -0.250 x 10 

0.142 x -0.250 x 10 

0.514 x -0.516 x 10 

0 0 

5 0.810 x -0.480 x 10 

where 

c w a s  expressed i n  u n i t s  Btu/lb-m O R  
P 

T w a s  expressed i n  u n i t s  R,  and 0 

a,  b and c were cons t an t s  der ived  from experimental  da ta .  

The form of  t h i s  equat ion  r e s u l t s  from cons ide ra t ions  of t he  s t a t i s t i c a l  

thermodynamic d e s c r i p t i o n  of s o l i d s ;  t h i s  sub jec t  i s  d iscussed  i n  many s tandard  

thermodynamic t e x t s  such as L e w i s  and Randall  (Ref. 1 2 ) .  Experimental h e a t  

capac i ty  d a t a  were furn ished  by NASA f o r  LI-1500 and M u l l i t e  HCF. These d a t a  

had been p rev ious ly  c o l l e c t e d  by Georgia Tech f o r  the  o t h e r  m a t e r i a l s  (Ref. 2 ) .  

Values of  t he  h e a t  capac i ty  equa t ion  cons t an t s  a r e  given i n  Table V. 

TABLE V 
.L 

CONSTANTS FOR THE HEAT CAPACITY EQUATION" 

Material 

SCFS 

AS-3DX 

Markite 3DQ 

HD-0092 

M u l l i t e  HCF 

LI-1500 

J- 

Heat capac i ty  and temperature u n i t s  a r e  given i n  the  t e x t .  
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The thermal conduc t iv i ty  of amorphous o r  g l a s s y  materials has  been 

r epor t ed  by Jakob t o  be p ropor t iona l  t o  some power o f  t h e  temperature  (Ref. 13). 

Jakob a l s o  showed t h a t  f o r  non-metal l ic  c r y s t a l l i n e  subs tances  t h e  conduc t iv i ty  

i s  i n v e r s e l y  p ropor t iona l  t o  temperature.  Materials i n v e s t i g a t e d  on t h i s  pro- 

gram included a combination of  t hese  types ,  so t h a t  a conduc t iv i ty  equat ion  

having t h i s  form w a s  s e l e c t e d  

M a t  e r i  a1 

SCFS 

AS-3DX 

Markite 3DQ 

HD-0092 

Mullite HCF 

LI-1500 

3 k = a + b/T + cT + dT 

Constants  

a b C 

0.477 0 -0.183 x l om4  

0.310 0 -0.119 

9.060 0.151 x l o4  0 

0.477 0 -0.183 x 

0.051 0 -0.167 x loe4  
2 -0.181 x 0.078 -0.207 x 10 

where 

k w a s  expressed i n  u n i t s  Btu /hr  f t  O R  

T w a s  expressed i n  u n i t s  0 R,  and 

a ,  b ,  c and d were cons t an t s  der ived  from experimental  da t a .  

Experimental  d a t a  were furn ished  by NASA f o r  LI-1500 and M u l l i t e  HCF; they had 

p rev ious ly  been c o l l e c t e d  by Georgia Tech f o r  o t h e r  materials. Manual a d j u s t -  

ment of conduc t iv i ty  w a s  requi red  i n  some cases t o  o b t a i n  s a t s i f a c t o r y  agree-  

ment among i n t e r n a l  thermocouple temperatures  and temperatures  c a l c u l a t e d  by 

the thermal a n a l y s i s  computer program. The conduc t iv i ty  w a s  chosen as the  

p rope r ty  t o  be ad jus t ed  i n  these  cases ,  because i t  i s  gene ra l ly  less w e l l  

e s t a b l i s h e d  than d e n s i t y  o r  h e a t  capac i ty .  For example, thermal conduc t iv i ty  

i s  a func t ion  of sample d e n s i t y ,  and d e n s i t y  o f t e n  var ies  among i n d i v i d u a l  

specimens of the  same material .  Values o f  t he  conduc t iv i ty  equat ion  cons t an t s  

are given i n  Table V I .  

TABLE V I  

CONSTANTS FOR THE THERMAL CONDUCTIVITY EQUATION" 

0.187 x lo-'' 
0.122 x 

0.187 x lo-'' 
0 

0.108 x lo-" 
0.106 x lo-'' 



Thermal Analysis  Computer Program. The computer program r e c e i v e s  inpu t  

d a t a  i n  the  form of f r o n t  and rear su r face  temperatures  a t  d i s c r e t e  t i m e s  

dur ing  the  experimental  run. Also, t h e  appropr i a t e  thermal proper ty  cons t an t s  

are s t o r e d  f o r  use  when needed. 

i na ry  l a y e r s  (usua l ly  20) and i n i t i a l  va lues  of  v a r i a b l e s  are e s t a b l i s h e d .  

The f i r s t  t i m e  s t e p  i s  made ( t y p i c a l l y  0.5 second) and the  two su r face  temper- 

a t u r e s  a t  t h e  new i n s t a n t  i n  t i m e  are c a l c u l a t e d  by l i n e a r  i n t e r p o l a t i o n  of  

i n p u t  t i m e s  and temperatures .  Then t h e  temperature of  each i n t e r n a l  l a y e r  i s  

c a l c u l a t e d  us ing  equat ion  (2)  and the  f i r s t  p r o f i l e  i s  complete. A dec i s ion  on 

whether t o  p r i n t  t h e  p r o f i l e  i s  made, another  t i m e  s t e p  i s  taken,  new su r face  

temperatures  are c a l c u l a t e d ,  and the  next  set of  i n t e r n a l  temperatures  i s  cal-  

c u l a t e d ;  t h i s  completes t h e  second p r o f i l e .  This  process  cont inues  u n t i l  t he  

f r o n t  su r f ace  begins  f i n a l  cool ing  (about  20 minutes  a f t e r  t h e  s ta r t  of t he  

run ) ,  a t  which t i m e  t h e  temperature  p r o f i l e s  are no t  usable  f o r  reduct ion  of 

e lec t r ica l  da t a .  A f lowchart  o f  t he  thermal program i s  shown i n  Figure 8. 

The sample i s  d iv ided  i n t o  a series of imag- 

Process ing  of E l e c t r i c a l  Data 

Background. A homogeneous sample of  high-temperature  d i e l e c t r i c  mater ia l  

i s  hea ted  on one s i d e  so t h a t  t he  temperature d i s t r i b u t i o n  i n  the  sample i s  

given by T ( x , t ) ,  where x i s  t h e  d i s t a n c e  from the  “cold” s i d e  and t i s  t i m e .  

The hea ted  sample i s  pos i t i oned  i n  a f ree-space ,  focused-beam waveguide br idge .  

A cont inuous record  i n  t i m e  i s  made of t he  temperatures  a t  d i s c r e t e  s t a t i o n s  

i n  the  sample a s  w e l l  as of t he  measured va lues  of power t ransmiss ion  c o e f f i c i e n t  

and i n s e r t i o n  phase de lay  of the  sample. The du ra t ion  of t he  measurements i s  

on the  o rde r  of 2400 seconds; i.e., t h e  t i m e  requi red  f o r  t h e  heated s i d e  o f  

t he  sample t o  reach maximum temperature and cool  t o  approximately 366’ K (200’ F).  

It i s  d e s i r e d  t o  f i n d  the  temperature dependence of the  r e l a t i v e  d i e l e c t r i c  

cons t an t  and l o s s  tangent  of the  m a t e r i a l  from these  measurements. 

A d i g i t a l  computer program has  been prepared t o  a i d  i n  determining the  

piecewise l i n e a r  approximations t o  the  re la t ive d i e l e c t r i c  cons t an t  ve r sus  

temperature curve and the  loglo ( l o s s  tangent )  ve r sus  temperature curve f o r  

t he  mater ia l  t e s t  sample. The program i s  w r i t t e n  i n  For t r an  I V  f o r  running on 

the Univac 1108 computer a t  Georgia Tech. 

Theory. An op t imiza t ion  technique i s  used t o  determine the  piecewise 

l i n e a r  approximations t o  the  e v s .  T and loglo ( t a n  6 )  v s .  T curves  which r 
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minimizes the  r o o t  mean square e r r o r  between t h e  measured and computed va lues  

of power t ransmiss ion  c o e f f i c i e n t  and i n s e r t i o n  phase delay a t  d i s c r e t e  times, 

- t:  
s p e c i f i e d  by t h e  breakpoin ts  of t he  l i n e a r  segments comprising t h e  curve.  

The temperature b reakpo in t s  ( absc i s sas )  are f i x e d  by phys ica l  cons ide ra t ions ;  

the o r d i n a t e s  of t he  breakpoin ts  are allowed t o  vary.  

curve i s  parameter ized us ing  a r e l a t i v e l y  s m a l l  number o f  parameters  2: 

{pl,p2, ..., pn] . 
T curve i s  parameter ized i n  a s i m i l a r  manner by the  f i v e  parameters ,  2: 

{rl,r2, . . . , rn] . 
chosen f o r  t h e  two curves.  

t he  opt imiza t ion .  

Ctl,t2’ * * e ,  tLL3,  i n  t he  experimental  run.  The er v s .  T curve i s  

Thus, t he  er v s .  T 

The loglo ( t a n  6) vs. For each sample, we  choose n = 5. 

For each sample, t h e  same temperature breakpoin ts  are 

These parameters ,  2, 2, are ad jus t ed  t o  b r ing  about 

tK’ The temperature  a t  each of Mk s t a t i o n s  i n  t h e  sample a t  each t i m e ,  

is computed us ing  t h e  thermal program and the  measured temperature d a t a .  

”cold” s i d e  of t he  sample i s  s t a t i o n  number 1, t h e  hea ted  su r face  i s  s t a t i o n  

number %. The th i ckness  of  t h e  sample a t  each t i m e ,  tK, i s  a l s o  determined 

i n  t h e  thermal program. These r e s u l t s  se rve  as inpu t  d a t a  t o  t h e  p r e s e n t  

program. 

The 

For computation of  i n s e r t i o n  phase de lay ,  @ and power t ransmiss ion  c k y  
c o e f f i c i e n t ,  c%, a t  each t i m e ,  tK, the  sample i s  d iv ided  i n t o  760 equal-  

t h i ckness  l a y e r s .  The temperature a t  the  midpoint of  each l a y e r  i s  determined 

by or thogonal  polynomial i n t e r p o l a t i o n  of t h e  temperatures  a t  the  % s t a t i o n s  

i n  t h e  sample. (Subrout ines  ORTHLS and FITY.) The r e l a t i v e  d i e l e c t r i c  cons t an t  

and l o s s  tangent  of each l a y e r  are then  determined from the  c u r r e n t  cr vs. T 

and loglo ( t a n  6) vs.  T curves .  

mission of t h e  sample a t  t i m e ,  tK, are then computed us ing  the  p lane  d i e l e c t r i c  

m u l t i l a y e r s  subrout ine ,  MULTLY. 

The i n s e r t i o n  phase de lay  and power t r a n s -  

From the  above i t  i s  seen t h a t  t he  computed va lues  of  t ransmiss ion  co- 

e f f i c i e n t  and i n s e r t i o n  phase de lay  are func t ions  o f  t he  parameters  2 and r ;  
i . e . ,  
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Experience h a s  shown t h a t  t h e  i n s e r t i o n  phase de lay  i s  a s t rong  func t ion  of 

E and has  only  a r e l a t i v e l y  weak dependence on 5; a l s o ,  t h e  t ransmiss ion  

c o e f f i c i e n t  depends more s t r o n g l y  on 2 than on 2. The op t imiza t ion  procedure 

i s  thus  s i m p l i f i e d  by r ep resen t ing  the  computed va lues  o f  i n s e r t i o n  phase de l ay ,  

Since the  er vs .  c' C- 

T curve has  t h e  dominant e f fec t :  i n  t h e s e  computations, op t imiza t ion  w i t h  r e spec t  

t o  t h i s  curve i s  c a r r i e d  o u t  be fo re  op t imiza t ion  wi th  r e spec t  t o  the  loglo ( t a n  6)  

v s .  T curve. 

The o b j e c t i v e s  of  t h e  computations are t o  determine t h e  parameters  E and 

% as func t ions  of on ly  2, and t h e  A as func t ions  of on ly  L. 

- r such t h a t  

LL 

I [ m ~  
K = l  

1 / 2  

where 

tK LL = number of d i s c r e t e  t i m e s ,  

K ,% = measured power t ransmiss ion  c o e f f i c i e n t  a t  t 

K % m k  = measured i n s e r t i o n  phase delay a t  t 

( 9 )  

A = s p e c i f i e d  e r r o r  t o l e rance  i n  t ransmiss ion  c o e f f i c i e n t  6 

m = s p e c i f i e d  e r r o r  t o l e r a n c e  i n  i n s e r t i o n  phase delay 6 

The e r r o r  t o l e r a n c e s  are based on measurement e r r o r .  For the p re sen t  ve r s ion  

o f  the  program, 6A = 0.004 and 6 @  = 1.0 degree. 
A A 

The parameters  E and which m e e t  t h e  requirements  of  (9) and (10) are 

I n i t i a l  estimates o f  t h e  cr vs .  T and log  10 determined i n  the fol lowing way. 

( t a n  6)  vs. T curves  are s p e c i f i e d  i n  terms of  E and r ,  and cA and 

computed f o r  t hese  sets of  parameters .  

such t h a t  

I are 
C- 

The c o r r e c t i o n s  &: {Ap,,Ap,, ..., AP,] 
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A A  
E =  

A 

P 1  

p2 
A 

A 

Pn 

A 
= E + &  

a r e  found us ing  the  fol lowing scheme. 

O f  c k 

A t  a given time, tK, the  d i f f e r e n t i a l  

@ (2) is ,  by d e f i n i t i o n ,  

ac @k 
'Pn A p , + .  . . + -  A acmk dcmk = - 

aP1 aPn 

The a c t u a l  change i n  c@k(p)  f o r  increments & i s  

For small  &, we can equate  (12) and (13) t o  y i e l d  

ac @k A p l + .  . . +-  'Pn 
ac'k AcQk = - 
aP1 'Pn 

Doing t h i s  f o r  each t i m e  tK r e s u l t s  i n  the following ma t r ix  formulation: 

- a 'LL 

. 
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o r  

The approximate p a r t i a l  d e r i v a t i v e s  are obta ined  numerical ly .  The elements  

of  t he  approximate Jacobian  ma t r ix ,  2, are given by 

where 6p i s  a s m a l l  p e r t u r b a t i o n  o f  p Provided LL2  n,  equat ion  (17) can 

be solved f o r  &; i .e.,  
j '  

-1 & = A  

where 

t h e  system of  equa t ions  i s  over-determined and t h e  genera l ized  unique inve r se  

of t he  non-square matrix, .J, must be used r a t h e r  than  the  convent ional  i nve r se .  

Subrout ine G I D  accomplished t h i s .  

i s  the  inve r se  of  t he  approximate Jacobian ma t r ix  2. I f  LL > n,  

A 
Having obta ined  & and, hence,  2, t he  l e f t  s i d e  of  equat ion  (10) i s  com- 

I n  genera l ,  @ (p^> c k  puted and compared t o  the  s p e c i f i e d  e r r o r  t o l e rance ,  6@. 
w i l l  no t  be equal  t o  m@k f o r  a l l  k = 1, 2,  ..., LL. 

be repea ted  by f i n d i n g  a new set of c o r r e c t i o n s  t o  E found above. However, 

i t  i s  considered advantageous a t  t h i s  p o i n t  t o  next  apply the op t imiza t ion  

procedure t o  the  loglo ( t a n  6 )  vs .  T curve u t i l i z i n g  t h e  L parameters  and a 

d u p l i c a t i o n  of  t he  procedure o u t l i n e d  above f o r  the  2 parameters .  

computer program t h i s  i s  done; i .e. ,  t he  2 parameters  are optimized f i r s t ,  then 

t h e  L, then  the  p, etc., u n t i l  equa t ions  (9) and (LO)  are s a t i s f i e d .  

Hence, t h e  process  would 
A 

I n  the  a c t u a l  

The incremental c o r r e c t i o n s ,  &I, given by equat ion  (19) would i d e a l l y  

be of t he  o rde r  of  6p s i n c e  equat ion  (14) and succeeding equa t ions  are v a l i d  

only  f o r  s m a l l & .  

va lues  of  Api which would a l te r  t h e  er vs. T curve t o  t h e  p o i n t  of  being out -  

s i d e  phys ica l  bounds. Thus, i n  implementing t h i s  scheme on t h e  computer, tests 

are provided t o  in su re  t h a t  t h e  & are w i t h i n  phys ica l  bounds. 

a " f ine  adjustment'l  may be app l i ed  t o  t h e  AJ which c o n s i s t s  o f  mul t ip ly ing  t h e  

& b y  a scalar cons t an t ,  c y  and a d j u s t i n g  t h i s  cons t an t  u n t i l  

I n  a d d i t i o n ,  i t  i s  p o s s i b l e  t h a t  equat ion  (19) would y i e l d  

I n  a d d i t i o n ,  

E = E + c &  A 
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y i e l d s  a minimum RMS e r r o r  i n  the  i n s e r t i o n  phase delay.  

approaches zero ,  t he  co r rec t ed  cr vs. T curve approaches the  o r i g i n a l  curve.  

It w a s  found dur ing  t h e  course of t he  e l e c t r i c a l  d a t a  process ing  t h a t  no f i n e  

adjustment w a s  r equ i r ed ,  r e s u l t i n g  i n  a cons iderable  savings i n  computational 

time . 

Note t h a t  as c 

Computer Program. The computer program c o n s i s t s  of  a MAIN program and 

the  fol lowing subrout ines :  FORWAR, WLTLY, G I D ,  ORTHLS, FITY. The func t ions  

of t hese  r o u t i n e s  and the  v a r i a b l e  explana t ions  are adequately descr ibed  by 

the  accompanying flow diagrams (F igures  9 and 10) and comment ca rds  i n  the  

programs. Only a b r i e f  d e s c r i p t i o n  of each of  t hese  programs i s  given below. 

MAIN i s  the  c a l l i n g  program and c a r r i e s  ou t  t he  opt imiza t ion  procedure 

FORWAR i s  c a l l e d  by M A I N  t o  compute the  power t r ans -  

A, and i n s e r t i o n  phase de lays ,  @,  a t  t he  times, t, 
descr ibed previous ly .  

mission c o e f f i c i e n t s ,  

f o r  given sets of parameters  E and r .  
t he  sample i n t o  NL = 760 l a y e r s ,  computing t h e  temperature ,  r e l a t i v e  d i e l e c t r i c  

cons t an t ,  and l o s s  tangent  of each l a y e r  us ing  ORTHLS and FITY, and computing 

C- 

FORWAR accomplishes t h i s  by d iv id ing  

A and c$ of t he  r e s u l t i n g  plane m u l t i l a y e r  d i e l e c t r i c  us ing  MULTLY. 

-1 T 

MAIN 
C- 

b u i l d s  the  approximate Jacobian ma t r ix ,  2, and u t i l i z e s  G I D  t o  f i n d  the  t r ans -  

pose of t he  genera l ized  unique inve r se  of 2. MAIN t ransposes  [J ] t o  give 

- J , so lves  equat ion  (19),  and cont inues  the  opt imiza t ion  procedure u n t i l  

equa t ions  (9) and (10) a r e  s a t i s f i e d ,  o r  u n t i l  o t h e r  e x t e r n a l l y  set cond i t ions  

a re  m e t .  

-1 

The e l e c t r i c a l  program has been t e s t e d  i n  the  following way. A " t rue"  

e 

curves a r e  piecewise l i n e a r  curves s p e c i f i e d  by t h e i r  absc i s sa  and o rd ina te  

breakpoints .  Typical  input  temperature and th ickness  d a t a  obtained from 

previous work were used as input  test da ta .  Using the  " t rue"  curves,  t he  

va lues  of 4 A were computed. These computed va lues  were then def ined  a s  

the  "measured" d a t a  2, &. These va lues  of @ A were then used as the  

measured input  da t a .  

then assumed. These e s t ima tes  cons i s t ed  of l i n e a r  con t inua t ions  of t he  known 

low-temperature 255 t o  1644' K (0 t o  2500' F),  d a t a  i n t o  the  high-temperature 

regions.  The absc i s sa  breakpoin ts  on these  es t imated  curves were the  same 

a s  f o r  t he  lltrUe'v curves.  Using t h e  same input  temperature and th ickness  

d a t a  as before ,  the program was allowed t o  run. The r e s u l t s  show t h a t  only 

vs .  T curve and a " t rue"  loglo ( t a n  6)  vs. T curve were assumed. These r 

c-' c- 

m-' m- 
Rather gross  e s t ima tes  of t he  er and t a n  6 curves  were 
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one c o r r e c t i o n  i s  r equ i r ed  on each curve t o  s a t i s f y  equat ions  (9) and (10) 

when = 1.0 degree and 6 = 0.004. S e t t i n g  these  to l e rances  t o  zero and 

al lowing the  program t o  make one more c o r r e c t i o n  t o  each curve r e s u l t e d  i n  a 

co r rec t ed  curve e s s e n t i a l l y  equal  t o  the  " t rue"  curve.  

A 

Processed Data. The measured d a t a  are su r face  and i n t e r n a l  sample 

temperatures ,  i n s e r t i o n  phase s h i f t  and t ransmiss ion  loss ,  and i n c i d e n t  

and r e f l e c t e d  power. 

ture cyc le .  

are obta ined  f o r  each sample as a func t ion  of  t i m e  and cyc le  number. 

These are measured as func t ions  of  t i m e  f o r  each tempera- 

The thermal d a t a  are then  processed and t h e  temperature p r o f i l e s  

The e l e c t r i c a l  d a t a  f o r  each sample are p l o t t e d  f o r  each temperature 

cyc le .  Any dev ia t ions  i n  e l e c t r i c a l  d a t a  from run t o  run are noted. 

s i g n i f i c a n t  changes occurred wi th  hot -pressed  boron n i t r i d e  and the  AS-3DX 

The only  

composite materials. Boron n i t r i d e  l o s t  mater ia l  from t h e  hea ted  su r face  

which amounted t o  approximately 1.6 e l e c t r i c a l  degrees i n  phase change p e r  

temperature  cyc le .  

(0.627 inches)  t o  1.52 c m  (0.600 inches)  during t h e  10 temperature cyc le s  o r  

0.0068 em (0.0027 inches)  p e r  cyc le .  

phase de lay  a t  room temperature w a s  a f f e c t e d  mostly by the  i n i t i a l  temperature 

runs.  The i n s e r t i o n  phase de lay  decreased by 2 degrees  a f t e r  two runs were 

completed. 

throughout the  remainder of t h e  t es t  runs.  

The th i ckness  of t he  boron n i t r i d e  changed from 1.59 cm 

The AS-3DX composite mater ia l  i n s e r t i o n  

The room temperature i n s e r t i o n  phase delay then  remained cons tan t  

The o t h e r  materials (LI-1500, Mul l i t e ,  Marki te ,  and s l i p - c a s t  fused 

s i l i c a )  r eac t ed  i n  l i k e  manners. During the  exposure t o  the h e a t ,  each material 

had phase s h i f t  and t ransmiss ion  l o s s  responses  t h a t  would be repeated from 

run  t o  run. 

Typical  d a t a  are p l o t t e d  i n  Figures  11 through 16. These d a t a  i n d i c a t e  

t h e  t ransmiss ion  l o s s  and i n s e r t i o n  phase s h i f t  averaged over  a number of runs.  

The run t i m e  i nd ica t ed  on each diagram can be c o r r e l a t e d  t o  temperature by the  

use  of F igures  17 through 2 2 ,  i n  which are shown the  t ime-temperature h i s t o r y  3f 

t he  f r o n t  su r f aces  of t he  samples. 

The remaining e l e c t r i c a l  d a t a  a r e  presented  as d i e l e c t r i c  cons t an t  and 

loss  tangent  va lues  as func t ions  of  sample temperature.  A s  expla ined  i n  the  

s e c t i o n  on Process ing  of  E l e c t r i c a l  Data, the  d i e l e c t r i c  cons t an t  and l o s s  

tangent  are obta ined  i n  the  fol lowing manner. From the  measurement run,  sample 

temperature p r o f i l e s  are obta ined  a t  e i g h t  t i m e  i n t e r v a l s .  The sample model 
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i s  d iv ided  i n t o  760 l a y e r s  f o r  each t i m e  interval.  Assumed d i e l e c t r i c  cons t an t  

and l o s s  tangent  va lues  as func t ions  of  temperature  f o r  t he  sample are used 

and each l a y e r  i s  assigned s p e c i f i c  va lues  of e and t a n  6. The mul t i - l aye r  

a n a l y s i s  t ransmiss ion  computer program i s  then  used as a t o o l  t o  c a l c u l a t e  t h e  

i n s e r t i o n  phase s h i f t  and t ransmiss ion  c o e f f i c i e n t  f o r  t hese  condi t ions .  These 

c a l c u l a t e d  d a t a  are then  compared t o  t h e  measured i n s e r t i o n  phase s h i f t  and 

t ransmiss ion  lo s s .  An e r r o r  term i s  generated which i s  used t o  p e r t u r b  t h e  

assumed d i e l e c t r i c  cons t an t  and l o s s  tangent  ve r sus  temperature  curves. 

I t e r a t i o n s  are made u n t i l  t he  c a l c u l a t e d  d a t a  approach the  measured da ta .  I n  

t h i s  manner, t he  end r e s u l t s  are curves  of d i e l e c t r i c  cons t an t  and lo s s  tangent  

ve r sus  temperature  f o r  each measured sample. The s h o r t - c i r c u i t  waveguide d a t a  

obta ined  from NASA Langley are used as a base l ine  i n  the  de te rmina t ion  of t he  

i n i t i a l  temperature func t ions .  The computed va lues  of d i e l e c t r i c  cons t an t  and 

l o s s  tangent  are presented  i n  t h e  s e c t i o n  e n t i t l e d  Resu l t s  and Discussion.  

r 
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RESULTS AND DISCUSSION 

Four c a r r i e r  d i s k s  were run  f o r  c o l l e c t i o n  of experimental  da t a .  Each 

carrier w a s  exposed t o  t h e  s p e c i f i e d  r e e n t r y  temperature  p r o f i l e  t e n  times, 

us ing  the  temperature  of  t h e  s l i p  cast  fused s i l i ca  s u r f a c e  f o r  c o n t r o l  pur-  

poses.  

t u r e  w a s  used f o r  cont ro l . )  

i n  Table  111. 

(When a carrier contained no SCFS sample, t h e  carrier s u r f a c e  tempera- 

Carrier and sample assignments  are given earlier 

The purpose of t h i s  program was t o  determine whether a d e t e r i o r a t i o n  of 

d i e l e c t r i c  p r o p e r t i e s  occur red  i n  t h e  candida te  window materials dur ing  re- 

pea ted  r ecyc l ing  through a s imulated r e e n t r y  temperature  ve r sus  time p r o f i l e .  

During a t y p i c a l  experimental  run,  d a t a  w e r e  recorded f o r  about  18 minutes;  

there were a t o t a l  of 40 experimental  runs ,  each involv ing  t h r e e  sample m a t e -  

rials. I n  view of the  magnitude of t h e  d a t a  r educ t ion  t a s k ,  i t  was decided 

t o  begin  by process ing  only t h e  f i r s t  and t e n t h  runs  of each carrier. I f  no 

d e t e r i o r a t i o n  of d i e l e c t r i c  p r o p e r t i e s  occurred between t h e  f i r s t  and t e n t h  

runs ,  then  no f u r t h e r  information would be  gained by process ing  t h e  i n t e r -  

mediate runs.  I f  d e t e r i o r a t i o n  was observed, then  in te rmedia te  runs could be  

processed as requi red .  Runs 1, 5 and 10 of  t h e  f i r s t  ca r r ie r  were eva lua ted ,  

and Runs 1 and 10 of  subsequent carriers w e r e  completely processed. 

Thermal Data 

Figures  17 through 22 show t y p i c a l  temperature  ve r sus  time p r o f i l e s  f o r  

each of t h e  sample materials. The t h r e e  s i l i c a  based materials (SCFS, AS-3DX 

and Marki te  3DQ) a l l  showed t h e  same temperature  response behavior  t o  t h e  

h e a t i n g  environment. We were unable  t o  reach t h e  rate of rise d e s i r e d  a t  t h e  

beginning of t h e  runs ,  b u t  s u c c e s s f u l l y  matched t h e  d e s i r e d  maximum tempera- 

t u re s .  W e  b e l i e v e  t h a t  t h e  temperature  exposure w a s  a reasonable  s imula t ion  

of t h e  d e s i r e d  r e e n t r y  p r o f i l e ,  however. Note a l s o  t h a t  t he  d i f f e r e n c e  between 

f r o n t  and back s u r f a c e  temperatures  was on t h e  o r d e r  of 200' K (400' F) through- 

o u t  t h e  runs f o r  t hese  materials. 

The boron n i t r i d e  (HD-0092) samples experienced a somewhat slower rate of  

f r o n t  s u r f a c e  temperature  rise than d i d  t h e  s i l icas ,  b u t  they a l so  reached t h e  

d e s i r e d  maximum temperature.  The d i f f e r e n c e  between f r o n t  and rear su r face  

temperatures  was on t h e  o r d e r  of 100' K (200' F). The lower r a t e  of r ise and 
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t h e  smaller temperature  g r a d i e n t  can both  be a t t r i b u t e d  t o  t h e  ve ry  high t h e r -  

m a l  conduc t iv i ty  of boron n i t r i d e .  

The low d e n s i t y  samples ( M u l l i t e  HCF and LI-1500) bo th  experienced h igh  

rates of f r o n t  s u r f a c e  temperature  r ise,  almost  matching t h e  t a r g e t  tempera- 

t u r e  p r o f i l e .  

temperature  g r a d i e n t s ,  on t h e  o r d e r  of 400' K (700' F) between t h e  f r o n t  and 

rear su r faces .  The s t e e p  g r a d i e n t s  and h igh  rate o f  temperature  rise can be 

a t t r i b u t e d  t o  t h e i r  low thermal conduc t iv i ty .  

They reached the  d e s i r e d  maximum temperature  and had s t e e p  

These r e s u l t s  i l l u s t r a t e  t h e  in f luence  of  t h e  thermal p r o p e r t i e s  of 

materials on t h e i r  temperature  response t o  a r e e n t r y  environment. 

materials responded d i f f e r e n t l y  even though hea t ing  cond i t ions  were reproduced 

as c l o s e l y  as p o s s i b l e ;  i n  f a c t  d i f f e r e n t  materials run on t h e  same c a r r i e r  

Various 

d i s k  showed d i f f e r e n t  r a t e s  of temperature  rise. 

d i e l e c t r i c  window material" f o r  thermal response c a l c u l a t i o n s .  

a t u r e  c a l c u l a t i o n s  must be run us ing  a p p r o p r i a t e  thermal p r o p e r t i e s  f o r  each 

cand ida te  m a t e r i a l  , t o  a c c u r a t e l y  p r e d i c t  t h e  temperature  which w i l l  be  reached 

dur ing  a proposed r e e n t r y  f l i g h t  path.  

There i s  no " r e p r e s e n t a t i v e  

Reentry temper- 

Of t h e  s i x  specimen materials, only two showed any phys ica l  evidence of 

change a f t e r  t e n  temperature  cyc le s .  Boron n i t r i d e  (HD-0092) had a powdery 

depos i t  on both  f aces  a f t e r  removal from t h e  c a r r i e r  d i s k .  The d e p o s i t  on 

t h e  f r o n t  s u r f a c e  showed s t r e a k s ,  and w a s  a n  es t imated  0.5 m t h i c k ;  the  de- 

p o s i t  on t h e  rear s u r f a c e  w a s  smooth and somewhat t h inne r .  M u l l i t e  HCF had 

l o s t  some f l a k e s  of coa t ing  around t h e  per imeter  o€ t h e  sample a f t e r  removal 

from t h e  c a r r i e r ,  and t h e  remaining coa t ing  w a s  l oose ly  h e l d  t o  t h e  porous sub- 

s t r a t e .  F igure  23 shows microwave samples of each material a f t e r  t e n  tempera- 

t u r e  c y c l e s ,  

E l e c t r i c a l  Data 

The r e s u l t s  of the  microwave t ransmiss ion  measurements a r e  presented  i n  

t h i s  s e c t i o n  a s  d i e l e c t r i c  c o n s t a n t  and l o s s  tangent  of each sample ve r sus  

temperature. The d i e l e c t r i c  cons t an t  and loss tangent  of  McDonne11 M u l l i t e  

HCF vary  wi th  temperature  as i n d i c a t e d  i n  F igure  24. 

i n c r e a s e s  by approximately 7 pe rcen t  from room temperature  t o  1480' K (2200' F) .  

The l o s s  tangent  i n c r e a s e s  from a room temperature  va lue  of 0.0003 t o  0.068 a t  

1480' K (2200' F),  

The d i e l e c t r i c  cons t an t  

This  i s  a l a r g e  change i n  l o s s  tangent  as compared t o  t h e  
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o t h e r  materials considered. 

I n  F igu re  25 are i l l u s t r a t e d  t h e  electrical p r o p e r t i e s  of Lockheed LI-1500, 

The d i e l e c t r i c  c o n s t a n t  increased  by approximately 2 percent  from room tempera- 

t u r e  t o  1530' K (2300' F). 

(75' F) t o  0.0015 a t  1530' K (2300' F). 

l i t t l e  over t h i s  temperature range. 

The l o s s  tangent  increased from 0.0005 a t  298' K 

Thus, t h e  l o s s  tangent  increased  very 

The e l e c t r i c a l  p r o p e r t i e s  of General E l e c t r i c  Markite a r e  presented i n  

The d i e l e c t r i c  c o n s t a n t  i nc reases  almost l i n e a r l y  from a 298' K F igu re  26, 

(75' F) v a l u e  of 3.17 t o  a v a l u e  of 3.26 a t  1255' K (1800' F). 

gent  shows no increase  with temperature t o  1255' K (1800' F). 

(1800' F ) ,  bo th  t h e  d i e l e c t r i c  c o n s t a n t  and l o s s  tangent  increase.  

tangent  shows a r a p i d  increase .  

The l o s s  tan-  

Above 1255' K 

The l o s s  

The Philco-Ford AS-3DX m a t e r i a l  shows l i t t l e  change i n  e i t h e r  d i e l e c t r i c  

cons tan t  o r  l o s s  tangent  over t he  measured temperature range. These da t a  a r e  

presented i n  Figure 27. 

The e l e c t r i c a l  p r o p e r t i e s  of t h e  Georgia Tech s l i p - c a s t  fused s i l i c a  are 

The dielectr ic  cons tan t  i nc reases  only s l i g h t l y  up i l l u s t r a t e d  i n  Figure 28. 

t o  1366' K (2000' F).  Above 1366' K (2000' F ) ,  t h e  d i e l e c t r i c  contan t  i n -  

creases a t  a f a s t e r  r a t e  w i th  temperature. The lo s s  tangent i n d i c a t e s  a l i n e a r  

i nc rease  from a va lue  of 0.0005 a t  298' K (75' F) t o  a va lue  of 0.006 a t  1644' 

K (2500' F) . 
I n  F igu re  29 a r e  presented the  electrical p r o p e r t i e s  of hot-pressed boron 

n i t r ide ,  A s  i nd ica t ed ,  t he  d i e l e c t r i c  cons tan t  remains almost cons tan t  

(Er  = 3.93) t o  810' K (1000' F) and from t h a t  po in t ,  t h e  d i e l e c t r i c  cons tan t  

i nc reases  t o  a v a l u e  of 4.05 a t  1394' K (2050' F).  The l o s s  tangent  remains 

very low from 298' K (75' F) t o  588' K (600' F). It inc reases  at: a l i n e a r  

rate t o  1394' K (2050' F). A s  previously s t a t e d ,  t h e  boron n i t r i d e  d id  a b l a t e  

s l i g h t l y  during each measurement run. 

A l l  of t he  materials except McDonnell M u l l i t e  e x h i b i t  e x c e l l e n t  low loss 

p r o p e r t i e s  a s  func t ions  of temperature.  

h ighe r  l o s s  tangent  than t h e  o the r  m a t e r i a l s  tested, b u t  t h i s  does not  p r o h i b i t  

i t s  use  as a window material. 

it a b e t t e r  candida te  f o r  a p a r t i c u l a r  app l i ca t ion .  

The McDonnell M u l l i t e  had a much 

This i s  e s p e c i a l l y  t r u e  i f  o the r  f a c t o r s  make 
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CONCLUSIONS 

The fol lowing conclusions seem warranted from the  r e s u l t s  of t h i s  measure- 

m e n  t p r o  gram : 

(1) A system w a s  developed which permi t ted  measurement of t h e  micro- 

wave p r o p e r t i e s  of candida te  window materials during s imula t ion  of t he  Space 

S h u t t l e  r e e n t r y  thermal p r o f i l e .  

(2) None of t h e  six materials t e s t e d  showed s i g n i f i c a n t  d e t e r i o r a -  

t i o n  i n  d i e l e c t r i c  p r o p e r t i e s  wi th  repea ted  cyc l ing  through the  s p e c i f i e d  re- 

e n t r y  temperature p r o f i l e ,  up t o  t e n  temperature cyc les .  AS-3DX showed small 

changes dur ing  the  f i rs t  two cycles .  

(3)  Four of t h e  sample materials showed no v i s i b l e  d e t e r i o r a t i o n  i n  

phys ica l  p r o p e r t i e s  a f t e r  t e n  r e e n t r y  temperature cyc les .  

loosening and chipping of i t s  emittance c o n t r o l  coa t ing  which might be s e r i o u s  

i n  t h e  presence of aerodynamic drag. 

oped powdery su r face  d e p o s i t s ,  probably the  r e s u l t  of ox ida t ion ;  however, t h i s  

does not  appear  t o  be a severe  problem a f t e r  t en  temperature cycles., 

M u l l i t e  HCF su f fe red  

Boron n i t r i d e  l o s t  th ickness  and devel-  

( 4 )  The d i e l e c t r i c  cons t an t s  and l o s s  tangents  of t he  sample mate- 

r ials as func t ions  of temperature a r e  wi th in  ranges t h a t  wat ld  no t  p r o h i b i t  

t h e i r  u se  f o r  Space S h u t t l e  antenna windows, M u l l i t e  HCF had a h ighe r  loss  

tangent  than the  o the r  candida tes .  

(5) A smaller program would be  adv i sab le  t o  v e r i f y  t h e  a c c e p t a b i l i t y  

of t he  f i n a l  d i e l e c t r i c  window des ign ,  once the  material and r e e n t r y  tempera- 

t u r e  p r o f i l e  have been f i rmly  e s t ab l i shed .  
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